Introduction
The growing rates of microchip world production during the last two decades exceed essentially the corresponding indexes of any others production branches. Between 1997 and 2003 the consumer and communication electronics sales have grown from USD 744 billion to about USD 165 trillion. The present-day electronics is based on a silicon technology and such a state will be conserve at least during the nearest ten years. The low temperature plasma facilities -so called plasma reactors or glow discharge reactors, play an important role in technological processes of chip production. Such reactors are widely used for etching and deposition of semiconductor films, for taking off photoresist and some other operations. Very often they enter the complex cluster equipment for making chips. Some characteristic schemes of these glow discharge reactors are presented in Fig. 1 . The typical reactor consists of two parallel plate electrodes forming an axisymmetrical cylinder chamber, in which the high-frequency discharge is appeared. The processing wafer is placed on one of the electrodes. The originally inert feed gas enters the discharge zone where an active etchant species is produced by the electron -impact dissociation. The active species transfers to the wafer and reacts with it forming the volatile products. The unreacted feed gas and the products of physical-chemical processes and reactions are pumped outwards from the reactor. From the presented schemes one can see that these reactors are not very complicated and expensive apparatus. But yet in 1995 a world volume of sales of the reactors have made up USD 2 billion and it keeps on growing. This numeral can give us a rough idea about the quantity of operative reactors in modern industry. Despite of the relative simple construction the etching process in a reactor is a very complicative one. For silicon wafer operating the complex molecular gases such as CF 4 , SF 6 and their mixtures with oxygen O 2 and hydrogen H 2 are used. Under a microwave discharge and ion current in etching chamber a reacting medium appears which is characterized by simultaneously proceeding processes of ionization, dissociation, heat and mass transfer with complex chemical reactions. A similar processes take place on the surfaces of the chamber and wafer under operating. The quality and manufacturing rate of producing chips depend strongly on a large number of process variables in a reactor including parent gas composition, pressure, temperature, frequency and power of a discharge, flow rate and configuration, etc. Because of numerous Micro Electronic and Mechanical Systems 186 and complex interconnections of the factors which defines the qualities of etching wafer, the opportunities of experimental studies and optimization of reactor process are very restricted. Fig. 1 . The schemes of plasma -chemical etching reactors: a -"pedestal", b -"stadium", cradial flow reactor. 1, 2 -RF -electrodes, 3 -processing wafer, 4 -protector, 5 -feed gas, 6 -RF -discharge zone, 7 -inlet, 8 -outlet. The arrowed lines show the direction of the gas flow in the reactor.
A natural alternative here is the mathematical modelling. It is especially necessary in respect to insufficient understanding of many real plasma physics and chemistry governing mechanisms which take place in this apparatus.
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By such a way there are economical, technical and scientific preconditions for the welldirected efforts in the development of mathematical modelling of plasma etching reactors.
Numerical model formulation
In first turn some characteristic features of authors' numerical model of plasma etching process will be described. The numerical model was developed during several years with successive improving its adequacy and prognostic abilities step by step (Grigoryev & Gorobchuk, 1996; Grigoryev & Gorobchuk, 1997; Grigoryev & Gorobchuk, 1998; Shokin et al., 1999; Grigoryev & Gorobchuk, 2004; Grigoryev & Gorobchuk, 2007; Grigoryev & Gorobchuk, 2008) . Today the created model corresponds completely to the world standards in mathematical modelling of plasma reactors and includes some novel elements.
Gas flow and temperature distribution
Under the typical operating conditions in plasma reactors the continuum approach is valid, and gas flow is laminar, viscous and incompressible. Therefore, the steady Navier -Stokes equations with heat transfer in standard Boussinesq approximation were used for the flow description (Grigoryev & Gorobchuk, 1997; Grigoryev & Gorobchuk, 1998; Shokin at al., 1999) . The axisymmetric statement of a problem is considered. The conservation equation of total mass (continuity equation) was written as follows:
The conservation equation of momentum had the form: 
where ρ is a density of gas mixture, v is a fluid velocity vector, p is a pressure, τ is a stress tensor, I is a identity matrix, T is a local temperature of gas mixture, T 0 is a temperature of the feed gas at the inlet of the reactor, g is a gravitational acceleration vector, β is a thermal expansion coefficient, η is a shear viscosity. The density ρ 0 corresponds to the gas temperature T 0 . For the velocity components on impenetrable walls the nonslip boundary conditions were used in range of operating pressures p = 0.1 -1.0 torr and slip conditions for low pressures p = 0.01 -0.1 torr correspondingly. The temperature distribution was obtained by solving the energy balance equation with heat transfer at the surfaces of reactors (Grigoryev & Gorobchuk, 1997; Grigoryev & Gorobchuk, 1998; Shokin et al., 1999) :
where c p is a constant -pressure heat capacity, λ is a gas thermal conductivity, q r is a radiation flow rate. The radiation flow r q under operating pressures p = 0.1-1.0 torr was calculated in thin optical layer approximation. The dynamical and energy balance equations were coupled through the temperature dependence of gas viscosity and the buoyancy term. The gas viscosity, thermal conductivity and heat capacity were considered as functions of temperature. The boundary conditions on the temperature expressed a balance of convective flow, heat conduction and radiation heat CF CF C F ,
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where k e1 -k e5 are the rate constants of electron-impact dissociation of parent gas; k v1 -k v11 are the rate constants of volume recombination; k s1 -k s7 are the rate constants of heterogeneous reactions. The designation (s) marks the species adsorbed on the wafer surface. The values of these constants were taken from (Plumb & Ryan, 1986; Venkatesan at al., 1990; Sang-Kyu Park & Economou, 1991 
where C i , x i are the molar concentration and molar fraction of species i correspondingly, t C is the molar gas concentration, D i is the multicomponent diffusion coefficient of species i, k T is the thermal diffusion relation, G i is the rate of formation of species i in gas-phase reactions. The gas phase reactions are incorporated in right-hand side of this system and define a complex interconnection between all species generation processes. The surface and silicon etching reactions entered the boundary conditions at the wafer. The latter were written as a balance of mass flows for each component. At the reactor inlet the Danckwert's type boundary conditions were stated (Sang-Kyu Park & Economou, 1991) . The feed species concentrations at the inlet are fixed. No radial gradients of species concentrations are considered at the reactor centerline. At the reactor outlet, zero axial gradients of species concentrations are also used.
Glow discharge structure and electron concentration
The exact calculation of glow discharge structure demands a solving the Boltzmann kinetic equation for the electrons in a mixture multiatomic gases and radicals. From both physical and computational points of view this is a formidable task (Aydil at al., 1993) . Therefore in the parametric calculations some simplest model distributions of electron density in reactor were used. Depending on the pressure and gas medium under consideration, the dominant electron loss mechanism can be diffusion, recombination or attachment. In calculations usually it was assumed that the electron density distribution corresponded to a "diffusiondominated" discharge (Dalvie at al. 1986 ).
Numerical method
The presence of two-order elliptic operators in all equations of the mathematical model allows us to approximate each equation by implicit iterative finite difference splitting-up scheme with stabilizing correction (Grigoryev & Gorobchuk, 1996) . The scheme in general form looks as follows: The equations (1), (2) were solved together with the heat transport equation (3). Calculations were worked out in the "stream function -vorticity" variables. The second-order Thom's vorticity boundary condition was applied to the flow problem. The stream function and gas temperature were found for each iteration of vorticity. The species concentrations were then calculated from the convective -diffusion equations (31) using the resulting velocity and temperature distributions.
Main results of plasma-chemical reactor modelling
Here some new effects obtained in our studies will be commented. These effects were not considered before in the literature.
Optimization of reactor design with respect to etching uniformity
Firstly it will be demonstrated that the mathematical modelling even in frameworks of simplified model can give the results useful for technical applications. In (Grigoryev & Gorobchuk, 1996) we considered two most spread plasma-chemical etching reactor schemes -"pedestal" and "stadium" ones, which are used for individual etching of wafer with diameters up to 500 mm. They are shown in Fig. 1 . The ends of cylinder chamber are employed as the electrodes between which the plasma RFdischarge is exited. The parent gas enters uniformly through upper electrode porous wall. The residual feed gas and products of dissociation, recombination and etching are pumped outwards either in radial ("stadium") or in axial ("pedestal") direction through circle gap on periphery of lower electrode.
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It was noted that under operating in these industrial reactors an essential nonuniformity appeared at the outer edge of the patterns. As a consequence up to 30% of the initial wafer square went into a defective part. To minimize such an edge nonuniformity it was suggested to surround a pattern by a cylindrical protector with low etching reactivity. The problem was to obtain an optimal protector geometry. For this purpose the dimensions and operating parameters were taken in the range which is characteristic for industrial reactors. The etching process of silicon Si in a tetrafluoromethane plasma CF 4 was chosen as a basic one. Because of relatively small temperature gradients during the etching process it was used the isothermal approach. In parametric calculations the multicomponent gas medium in a reactor was considered as binary gas mixture consisted of the fluorine atoms F supporting the etching reaction on the wafer and the feed gas CF 4 . In this case the active species concentration distribution was derived by solving a single convection-diffusion equation with the generation term describing the generation (Eqs. (4), (5)) and depletion of active component in reactor volume (Eqs. (10), (11)).
To understand a mechanism of edge defect appearing and effect of protector the vector fields of fluorine flow densities were calculated:
where e Q is the full flow density,
are the convective and diffusion ones correspondingly, F D is the binary diffusivity of fluorine atoms in CF 4 . The typical distribution of the full flow density e Q in "stadium" reactor without protector is presented in Fig. 2 . The parametric calculations for different values of height and diameter of a protector were fulfilled. The results allowed us to choose the optimal sizes of protector. Fig. 3 presents the full flows in "stadium" reactor with optimal protector. Thereat material of protector has a low reactivity. One can see from Fig. 3 , that circle protector which has the same radius as the wafer interrupts completely the local diffusion flow arising from difference in reactivities of wafer and anode. Although near the top edge of protector zone B is appeared where the influence of low anode reactivity is preserved. Despite of these results, obtained for the very simple plasma chemical kinetics, the further investigations have shown that the optimal protector provides high etching uniformity for enough complicated models also.
Heat radiation transfer and thermodiffusion
Plasma -chemical etching is usually related to the category of low temperature processes. Therefore, at the mathematical simulation of etching reactors one can limit himself by isothermal approach giving often the satisfactory results (Grigoryev & Gorobchuk, 1996) . However the employment of low heatproof resists and thermosensitive polymers for the wafers requires thorough investigation of the heating the processing chip and the elements of reactor construction. Also it is necessary to determine the heating influence on the processing quality. The main sources of heating effects in reactor are the heat generation on the wafer and surrounded electrode by the energetic ion bombardment, plasma radiation, heat effects of the exothermic reactions and glow discharge. The heat removal is realized by the complex heat transfer in reactor chamber and by the cooling system if such a system exists. Some nonisothermal effects in the reactor as a function of the electrode and wafer temperature were investigated. The temperature was specified and varied in characteristic limits T w2 = 300 -500 K (Grigoryev & Gorobchuk, 1997; Grigoryev & Gorobchuk, 1998) . The heat radiation transfer in the gas was determined using the optical thin layer approximation. According to such an approach the source of heat radiation in (3) have the following form:
where κ p is the Plank average absorption coefficient in the parent gas, σ is the StefanBoltzmann constant, T w1 is the temperature of cathode, T w2 is the temperature of anode. The problem which we have obtained consisted in the absence of the necessary data about the emissivity of CF 4 . Because the value κ p was estimated by the emissivity of methane CH 4 having the same structure and the similar main vibration modes as the molecule CF 4 . For calculation of the spectral absorption coefficient κ v the exponential model of spectral band was used (Edwards & Menard, 1964) . The boundary conditions on the temperature described the balance of heat flows, namely convective, heat conductive and radiative ones. For example, at the wafer surface:
where α is the heat transfer coefficient, w ε is the emissivity of the wafer, ε is the emissivity of the gas.
The boundary conditions for fluorine species took into account the diffusion and thermodiffusion of active species, its heterogeneous recombination and consumption in the chemical reactions of spontaneous and ion -induced etching. For instance, the boundary conditions at the wafer surface had the following form (in binary approach):
where T k is the thermodiffusion ratio; , q distribution is shown in Fig. 4 . It was obtained that the main contribution in h q is given by the heat conduction and heat radiation flows in cylindrical volume over the substrate. In particular, near the wafer cr ≈, and they exceed convective flow a q over two order. Simultaneously c q and r q have the same order at the outlet in the middle part of reactor, but a q exceeds them by factor of 1.5 -2. It is worth to note that if the heat radiation transfer is not taken into consideration the values of temperature on the isolines in Fig. 4 reduce approximately on 60K. This allows one to conclude that despite of the temperature nonuniformities characteristic for etching reactors are relatively not large, the main heat transfer in the reactor realizes by the heat conduction and radiation. Therefore, a radiation heat transfer is necessary to take into account in numerical modelling. Under the thermal nonuniformity conditions the flow density of active species may be written as follows:
where there are the convective flow
. The distribution of full flows e Q of etchant is shown in Fig. 5 . Q in "stadium" type reactor and isolines of concentration (C x 10 -10 , mol/cm 3 ). Processing regime: p = 0.2 torr, Q = 50 cm 3 /min, T w2 = 500 K, I + = 0 mkA/cm 2 .
Since the thermodiffusion ratio 0 T k < , the vectors t Q direct along the gradients of temperature. The calculations show that dt ≈ QQ at the temperatures of lower electrode T w2 = 400 -500 K outside of zone limited by the protector, and they determine the value of full flow dt ≈ QQ substantially exceeding c Q . However immediately on the substrate (0.1 0.2) td ≈÷ QQ . It means that the direct contribution of the thermodiffusion t Q to the etching processes gives 10 -20% and under the local temperature gradients it may negatively affect the etching uniformity. These conclusions about the significant role of the heat radiation and thermodiffusion have a general character for typical conditions of plasma etching process that was supported by our calculations of other reactor schemes.
Effect of choice of plasma etching kinetics
In foregoing decade the process of plasma chemical etching of silicon in CF 4 was studied by many authors for different reactors and some variants of chemical kinetics. Unfortunately, different original data, geometrical configurations of reactors, numerous additional assumptions did not allow one to compare obtained results for choosing an adequate kinetic model. To do such a choice we have carried out a series of calculations of radial flow etching reactor that is a necessary aggregate in VLSI industry. The results obtained in the frameworks of one numerical model give us reliable data for comparison of wide used variants of Si -CF 4 plasma kinetics with respect to etching rate (Shokin at al., 1999) . The scheme of radial flow plasma -chemical etching reactor is shown in Fig. 1 . The feed gas enters the reacting chamber at the outer edge of lower electrode. RF -discharge is appeared between the electrodes. Products of physical -chemical reactions are pumped from outlet in the centre of lower electrode. The processing wafer is placed on the lower electrode. The dimensions of reactor were taken from (Dalvie at al., 1986) . Fig. 6 . Distributions of etching rate as a function of radial position along the wafer for different gas flow rate (inflow feed gas structure). Processing regimes: p = 0.525 torr, T w2 = 300 K. Designations: 1, 4 -Q = 300 cm 3 /min; 2, 5 -Q = 340 cm 3 /min; 3, 6 -Q = 400 cm 3 /min. Markers 1, 2, 3 -data of article (Dalvie at al., 1986) . Markers 4, 5, 6 -author data.
The operating conditions of reactor and process parameters were varied in the range that is characteristic for industrial reactors. In particular, it was chosen: the pressure p = 0.5 torr, the gas flow rate Q = 300 -400 cm 3 /min, the average electron density e n =10 10 cm -3 , the temperature of electrodes T w1 = 300 K, the temperature of wafer T w2 = 300 -500 K. Since only a small fraction of tetrafluoromethane is dissociated under RF-discharge (<10%), all macroscopic characteristics of the medium -,, , p p c η λκ were chosen for the pure tetrafluoromethane CF 4 . The dependencies of gas viscosity, thermal conductivity, heat capacity and absorption coefficient on the gas temperature and pressure were taken into account. The homogeneous and heterogeneous reactions included in the basic kinetic model in these calculations was following: the reactions of fluorine production by electron -impact dissociation of parent gas Eqs. (4), (5); the reactions of volume recombination of reactive atoms and radicals Eqs. (9)- (11); the reactions of recombination of fluorine atoms, the recombination of CF 3 and the adsorption of CF 3 at wafer surface Eqs. (20), (23), (24); the reaction of silicon etching Eq. (29).
Before the comparison of kinetic models the test calculations with kinetics and data used in (Dalvie at al., 1986 ) have been fulfilled. At these conditions our simulations of isothermal reactor showed the satisfactory agreement with the results in (Dalvie at al., 1986) . The comparison of the obtained profiles of etching rates with those reported in (Dalvie at al., 1986) are presented in Fig. 6 . The maximum relative and maximum root-mean-square errors did not exceed 0.05799 and 0.02166, correspondingly. Thus, it was shown that the results obtained by two different numerical methods coincide with a good accuracy. It allowed one to be sure in further results of comparison of the kinetic models.
A special interest of our research was a comparison of two-, three-and four-component kinetic models considered in (Grigoryev & Gorobchuk, 1996; Dalvie at al., 1986; Sang-Kyu Park & Economou, 1991) 
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were taken into account as parameters. Therefore, the net generation term in equation (31) describing the processes (9)- (11) introduced by some authors as follows:
In (Edelson & Flamm, 1984; Plumb & Ryan, 1986) it was shown that the most important reactions are (4) and (9). The three-component kinetics incorporates two equations on F and CF 3 concentrations. The Table 1 . The obtained data show that the values of average etching rate and fluorine concentration obtained for two-, three-and four-component kinetic models are strongly differ from each other for any fixed reactor regime (see Table 1 ). These distinctions are connected with unsuccessful parametrization of species generation terms (32) in two-and three-component Table 1 . Average etching rate, average fluorine concentration and uniformity index: two-, three-and four-components kinetic models. Processing regime: p = 0.512 torr, Q = 340 cm 3 /min.
Numerical optimization of silicon plasma etching in CF 4 /O 2 mixture
The binary mixture CF 4 /O 2 is a perspective parent gas for industrial plasma etching process that allows to increase essentially an etching rate of silicon wafers. Such mixtures are available commercially, but the number of papers devoted to mathematical modelling of this process are relatively small. Moreover in most studies the simplified models are used and the obtained results are inconsistent with experimental date in many effects. It is clear that the obtained numerical results depend on the choice of chemical kinetics and adequate modelling of complex heat-mass transfer. In present calculations the improved chemical kinetic model (Venkatesan at al., 1990) was used including 12 all above mentioned components which are F, F 2 , CF 2 , CF 3 , CF 4 , C 2 F 6 , O, O 2 , CO, CO 2 , COF, COF 2 . The heat-mass transfer in the reactor was calculated on the basis of two-dimensional mathematical model of nonisothermal reactor described above taking into account the chosen multicomponent chemical kinetics. The heat radiation in the gas mixture was determined in optical thin layer approximation. To evaluate the emissivity of gas mixture the exponential model of band adsorption (Edwards & Menard, 1964) describing the spectral adsorption of multiatomic molecules was employed. Accordingly to existent representation of chemisorption process some parts of silicon surface are covered by various adsorbed atoms and radicals. Let CF CF 23 , ϑ ϑ are the fractions of silicon surface covered by adsorbed radicals CF 2 and CF 3 correspondingly; O ϑ is the fraction of silicon surface covered by oxygen atoms, i x is the molar fraction of i -th particles. Writing down the balance of mass flows for CF 2 , CF 3 and O components on silicon surface at equilibrium as in (Venkatesan at al., 1990; Sang-Kyu Park & Economou, 1991) 
which coincides with formula for O ϑ presented in (Kopalidis & Jorine, 1993) . In this simplified expression the denominator reflects a competition of chemisorption processes of fluorine and oxygen atoms on silicon which leads to hysteresis effect on the diagram of etching rate with respect to fluorine concentration (Mogab at al., 1978) . Under assumption that CF CF
23
,1 ϑ ϑ << (Grigoryev & Gorobchuk, 2007) , the parameter s α in these formulas which contains unknown rate constants of Eqs. (27), (28) where s k is the etching rate constant, cm/s; t C is the molar concentration of gas mixture, Mol/cm 3 . The radial flow reactor was considered in the calculations (see Fig. 1 ). The constructive dimensions and operating regimes were taken from (Venkatesan at al., 1990) . The calculations have been done for several values of gas flow rate under normal conditions Q = 100, 200, 400, 800 cm 3 /min. The wafer temperatures T w2 = 300, 373, 473, 573 K were considered. The pressure in etching chamber of reactor was equal to p = 0.5 torr. The average electron density was assumed equal to e n = 6 x 10 9 cm -3 . The temperature of reactor walls was T w1 = 300 K. The O 2 percentage fraction in CF 4 /O 2 feed gas mixture varied in the range 10-90%. Two gas flow directions were examined: "inflow", when the gas flow was directed to the centre of reactor, and "outflow" -with the reversed direction. It was of interest to study a distribution of fluorine flows and spontaneous etching rate in dependence on O 2 percentage fraction in feed mixture. The distribution of fluorine flow in the reactor depends on many factors: operating regime of reactor, gas composition, direction of feed gas flow and etc. Figures 7-10 illustrates the distribution of flow structure, temperature, concentration and full flow of active species for outflow feed gas structure. The direction of fluorine mass transfer in the middle part of reactor height, where
, coincides with the direction of gas flow. Near the RFelectrodes, where the velocity of gas flow is small, the fluorine mass transfer is realized by a concentration diffusion. Owing to the intensive forced convection the nonuniform distribution of full flow of active species on the wafer is arisen. Because of that the full flow of active species deviates from the normal to the wafer. Finally, as one can see from Figure  10 , the mass transfer of fluorine atoms to the wafer surface depends strongly on the convective transfer that confirms the known representations about process in a radial flow reactor. It was obtained that the average etching rate dependence on percentage fraction of O 2 in parent gas mixture has the maximum value about 40% of O 2 . It takes place in the range of gas flow rate 100-400 cm 3 /min (see Fig. 11 , curve s α = 0.3). In this case the maximum value of etching rate exceeds one's value in pure CF 4 more than in three times. With increasing of the gas flow rate up to 800 cm 3 /min the maximum of etching rate moves to 30% of O 2 . The location of extremum is independent of the feed gas flow direction and the gas temperature. With increasing O 2 percentage in gas mixture the fluorine concentration rises and has the maximum at 40% O 2 . The decrease of CF 2 , CF 3 , CF 4 , COF concentrations accompanies by the growth of fluorine concentration. The substances F 2 , CO, CO 2 , COF 2 are formed as the products of reactions. It corresponds to the one of channels of etching intensification by oxygen addition, which consists in the replacement of fluorine by oxygen in fluorinecontaining radicals. With oxygen fraction more than 40% the fluorine concentration falls owing to decrease of the total number of CF 2 , CF 3 radicals (depletion of mixture). Thus, the calculations show that the presence of etching rate maximum is connected with chemical reactions of oxygen atoms with CF 2 , CF 3 radicals where the additional fluorine atoms are set free. The etching rate dependence on fluorine concentration with different fractions of O 2 in CF 4 /O 2 mixture obtained in calculations has a hysteresis character (see Fig. 12 ). The parameter α s essentially influence location and amplitude of maximum etching rate.
With increase of parameter from 0.3 up to 100 the maximum of average etching rate moves from 40% fraction of O 2 in CF 4 /O 2 to 25% (Fig. 11) . At the same time the maximum of average fluorine concentration on Si surface is located near 50% fraction of O 2 . The maximum value of etching rate decreases approximately in two time. This fact is connected with the passivation of Si surface by oxygen atoms (Eq. (27)) which prevents the reaction of fluorine with silicon (Eq. (29)). On the contrary because the etching rate decreases the maximum value of fluorine concentration two-fold rises. It is explained by additional yield of fluorine atoms which cannot use in the etching reaction owing to the surface passivation.
The deviation between the maxima of normalized etching rate and normalized fluorine concentration at α s = 0.3 was less than 3% of O 2 in the feed gas. This is inconsistent with experimental data where more large difference was observed. But this difference rises gradually with α s and it arrives in the range 10 -15% of O 2 at α s = 1. This is agree with the real experimental data (Mogab at al., 1978) although the operating regimes of reactor and its dimensions were slightly different from using in the present work. This also means that limiting case for O ϑ (Eq. (35)) describes an essential contribution in competition process.
Probably a close sticking coefficients of oxygen and fluorine atoms when α s ≈ 1 corresponds more realistic scenario of etching process. The displacement of maxima also affects on dependence of etching rate versus fluorine concentration (Fig.12) . One can see from Fig.12 that with the rise of α s the local maximum of etching rate shifts and becomes more lower www.intechopen.com
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with simultaneous increasing maximal fluorine concentration. As a result the hysteresis curves become more circular. At the same time the beginning of curling of curve is gradually shifts to the region with small edition of O 2 . Generally these obtained results using complex kinetic model confirm the known experimental facts and qualitative scenario of silicon etching in CF 4 /O 2 gas mixture. Particularly, the hysteresis effect is correctly reproduced. The oxygen addition up to 30 -40% allows to increase the etching rate in several times and it is an effective factor for controlling the processing regime. The main channel of intensification of silicon etching in CF 4 /O 2 gas mixture connects with a replacement of fluorine in CF x radicals by oxygen atoms which set free the additional fluorine. The fluorine and oxygen chemisorption on silicon leads to hysteresis on the diagram of etching rate with respect to fluorine concentration. The influence of CF 2 , CF 3 adsorption layers on the etching rate composes less 1% of nominal value. The variation of sticking coefficients of oxygen and fluorine atoms essential influence etching rate and hysteresis curve. With increase of its ratio α s the maximum of average etching rate moves to the region with small edition of O 2 . Thus, we have verified the very complex model of plasma etching reactor and have shown its opportunities.
Electron density effect on etching rate in plasma-chemical reactor
Electrical RF-discharges in fluorocarbon mixtures have been strongly studied for their effective employment in the production of semiconductor devices. Owing to different additions to the parent gas a variation of electron and ion concentrations in RF discharge may essentially affects on the main characteristics of etching process. In the case of Si -CF 4 /O 2 system widely used in semiconductor production the addition of oxygen increases the spontaneous etching rate in several times and is an effective means for control of etching process as was shown above (see also experiments of Mogab at al., 1978) . But at the same time the oxygen addition to tetrafluoromethane has a negative influence. According to the data of spectroscopic measurements (Mogab at al., 1978; Coburn & Chen, 1980; d'Agostino at al., 1980 ) the silicon etching process in CF 4 /O 2 mixture accompanies by the electron concentration decrease with growing oxygen fraction when RF power and gas pressure being constants. This results in essential decrease of active particles generation at large oxygen contents. Further investigations (Coburn & Chen, 1980; d'Agostino at al., 1980) was shown that the influence of oxygen addition to CF 4 on electron density in RF-discharge is independent of construction dimensions of reacting chamber, operating regimes, electron energy (at least in the range 8-20eV) and has universal character. Thus, the oxygen addition to CF 4 causes the contrary processes: on the one hand -the fluorine active particles production rises with simultaneously depletion of mixture by CF x radicals. On the other hand -formation of oxygen chemisorption layer on silicon, decrease of electron concentration and dissociation efficiency of parent gas mixture also take place due to O 2 presence. Before our work the effect of electron concentration decrease in CF 4 /O 2 mixture was not practically considered on the base of mathematical simulation. The numerical results obtained illustrate an electron density influence on the main characteristics of silicon etching in dependence on oxygen concentration. In calculations it is compared the plasma-chemical reactors with uniform electron density distributions without oxygen (Mogab at al., 1978) . 
The oxygen addition allows to increase essentially the concentration of active particles and etching rate of silicon wafers. The dependence of average spontaneous etching rate on the percentage of O 2 concentration in CF 4 /O 2 illustrates this ability (see Fig. 13 , curves 1, 2). At the same time the electron concentration monotonically falls down with the rise oxygen addition to CF 4 under other constant conditions. This decreases electron impact dissociation and ionization rates and leads to the reduction of active particle production. Simultaneously the average etching rate goes down (see Fig. 13 , curves 3, 4). On can see from this diagrams that the visible separation of curves begins in the region of maximum etching rates at the oxygen concentrations more then 30%. For characteristic of decrease of average etching rate and dissociation efficiency of parent gas mixture the relative deviations were calculated: (Grigoryev & Gorobchuk, 2007 
The calculations of silicon etching process in CF 4 /O 2 plasma including the experimental data on electron density decrease with oxygen addition allow to formulate the following conclusions. The fall of electron density in a RF-discharge with O 2 addition may decrease a spontaneous etching rate in the range up to 30%. At that the decrease in the range close to optimal etching rates arrived at 25 -40% O 2 addition exceed 20%. Nevertheless the main positive effect of O 2 addition on the rise of etching rate in CF 4 /O 2 mixture as compared with pure tetrafluoromethane preserves.
Some further perspectives
The perspectives of applications of created modelling tools in working up of new reactor schemes in the framework of silicon technology are obvious. Traditionally the parametric calculations will help design engineers in choosing the optimal configuration and operating parameters of the reactor. The new technical challenges will require to model some new processes. For example, in present time the industry moves to production of largest single wafers with diameters up to 12 or even 16 inches (Japanese program). Under processing such large patterns the thermal and gravitational stresses will pose a strong limitation on the maximum wafer temperature and maximum temperature gradients near the wafer surface. This new problem will demand a very precise account of all wafer heating effects such as energetic ion bombardment, plasma radiation, heat generation by the exothermic reactions and glow discharge. It will be necessary to model in detail the real cooling system calculating thoroughly a problem of complex conjugate heat transfer. Furthermore it is need to include in the consideration the problems of an elasticity and thermoelasticity of a semiconductor wafer.
Besides we would like to draw attention to a new direction in mathematical modelling of chip manufacturing. In nearest future the typical fabrication-line for making complex chips will be characterized by high level of programming automation, high quality operations and high yields. The new generations of micro-and nano-devices will demand a permanent (so called in situ) monitoring and control by their manufacturing in a real time (Orlikovsky at al., 2001) . Monitoring data are to be operated and introduced in control system to support the optimal characteristics of process. The relatively simple control system is based on supporting some goal parameter (parameters) on the optimal level using the controller. In this case the controller compares the current values of the goal parameters measured by monitoring system with ones from apriori calculated response functions. The calculating of response functions is a new problem of mathematical modelling. The etching rate s R can be considered as the goal parameter depending on the variable parameters such as flow rate Q, discharge power P, parent gas composition, etc. The calculated response functions are approximated by interpolation formulas, for example, by 2-dimensional cubic splines: 
∫
The executor installs the new set of variable parameters on a reactor. The most impressive new project in mathematical modelling of glow reactors is a creation of a virtual plasma chemical reactor. It is a comprehensive computational model of reactor processes that in first turn sets aside for the real time control of manufacturing process in flexible automation system. Such a composition is presented on Fig. 14 (Orlikovsky at al., 2001) . It is supposed that the computational model of virtual reactor will be organized in modular principle. It must contain a module 1 for calculations of electromagnetic (E -M) fields. The fields are describe by Maxwell -Lorentz system with taking into account a plasma bulk charge. In the module 2 according to the given fields the electron density n e and the energy T e are calculated. In particular, in this module the Boltzmann kinetic equation for electron energy density distribution function (DDF) can be solved. Let us note that such an approach is a very laborious method which restricts the possibility to work in a real time. But here one can use so called hydrodynamic approach. In the module 3 the gas flow structure and the temperature field in the reactor are computed. The module 4 carries out the calculations of plasma chemical kinetics and www.intechopen.com of optimizing variable parameters. The latest are simultaneously communicated both in the executor 7 and in the virtual reactor. In the virtual reactor the optimal goal parameters are calculated again. In such a way the feedback is closed. As a comprehensive computational model of plasma chemical processing the virtual reactor can be used also by design engineers, in the calculations of more precise response functions for using in simple control systems described above, and as a learning automaton for personnel. 
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